How do spliceosomes affect gene expression? Because the vast majority of protein-coding genes in humans contain introns (typically 9 or 10, but some have more than 100!), splicing is an essential step in gene expression. High-throughput sequencing has now revealed that ~95% of human genes are also subject to alternative splicing, which allows for the synthesis of many different mRNAs from a single DNA gene. By Since ancient times, people have cut and joined together plants of different varieties or species so they would grow as a single plant -a process known as grafting (Figures 1 and 2 
Since ancient times, people have cut and joined together plants of different varieties or species so they would grow as a single plant -a process known as grafting (Figures 1 and 2 ). References to grafting appear in the Bible, ancient Greek and ancient Chinese texts, indicating that grafting was practised in Europe, the Middle East and Asia by at least the 5 th century BCE. It is unknown where or how grafting was fi rst discovered, but it is likely that natural grafting, the process by which two plants touch and fuse limbs or roots in the absence of human interference (Figure 3) , infl uenced people's thinking. Such natural grafts are generally uncommon, but are seen in certain species, including English ivy. Parasitic plants, such as mistletoe, that grow and feed on often unrelated species may have also contributed to the development of grafting as a technique, as people would have observed mistletoe growing on trees such as apples or poplars.
Today, plant grafting is widely used in orchards, greenhouses, vineyards and gardens. One common application is grafting the shoot of one plant, termed the scion, to the root of a different plant, termed the rootstock, to increase or decrease the size of the plant. Alternatively, grafting can improve stress resistance or allow plants to grow in new environments. Plant grafting has also been important for the discovery of proteins, RNAs and hormones that act over long distances. This Primer summarises the mechanisms of graft formation, discusses why some plants graft whereas other do not, and describes how grafting is important for agriculture and for scientifi c research.
The mechanism of graft formation Although grafting has been practised for over 2500 years, ancient texts often gave confusing and contradictory information about what plants could be successfully grafted together, known as compatible grafts, and which plants could not, known as incompatible Primer grafts. Studying the mechanism of how plants graft has shed light on graft compatibility. In the 1960s and 1970s, work by several groups using succulent and tomato grafting defi ned a time course for graft formation by observing cell division and anatomical changes at the graft junction. Initially after grafting, ruptured cells collapse and the intact cells close to the graft junction adhere to the opposing tissue. This contact strengthens with time as the cells interdigitate (Figure 2) . Polysaccharides, including pectins, are deposited at the graft junction and are thought to provide strength. At the same time, cell division produces a mass of pluripotent cells termed a callus. This stem cell-like tissue is thought to differentiate, analogous to the process of wound healing in animals that requires stem cell division and differentiation.
Callus differentiation at the graft junction gives rise to the two major types of plant vascular tissue -phloem and xylem (Figure 2) . Phloem is composed of living cells and transports nutrients and macromolecules, whereas xylem is composed of dead cells and transports water and minerals. Plasmodesmata, cytosolic channels between plant cells, form across the graft junction. Compatible grafts exhibit all of these characteristics, but incompatible grafts will only exhibit a portion of them. Cell division and callus formation occur, but the strength of attachment is lower, and phloem and xylem differentiation may not occur. Growers will commonly increase the physical pressure around a graft to promote successful graft formation by using a clip or by wrapping tape around the graft junction. This technique may orient callus divisions and physically confi ne differentiation in addition to holding the scion and rootstock together. Growers will also graft stems of a similar size and align tissue known as the vascular cambium. This stem cell-like tissue gives rise to the phloem and xylem during secondary growth, when the roots or stems thicken, and contact between the vascular cambium from each graft half is important for improving graft success.
To date, the molecular mechanisms of graft formation remain unknown, and no genes required for this process have been identifi ed. Potential candidates involved in this process are hormones used for communication between rootstock and scion. These include the plant growth hormones auxin and cytokinin that are involved in vascular formation, including during root development and the differentiation of vasculature in callus. Auxin is produced in developing leaves and moves to the root, whereas cytokinin is produced in the root and moves to the shoot. During the cutting process, the accumulation of cytokinin in the root half and auxin in the shoot half may play important roles for activating genes associated with wound response and vascular formation (Figure 2) . The biologist Tsvi Sachs used grafting and wounding to develop the auxin canalization hypothesis. He proposed that auxin converged in channels and formation of these channels led to the differentiation of vascular tissue. Transport of auxin may play a key role in graft formation, and uncovering how this process might operate will be a future goal for the fi eld.
Graft compatibility and parasitic plants
The majority of plants will graft to themselves. This includes most eudicots (which include fruit trees, grapes, tomatoes and melons), basal angiosperms (which include the magnolias) and the more ancient plant group the gymnosperms (which include conifers). Notably, most monocots, which are thought to be ancestrally in between basal angiosperms and eudicots, do not graft to themselves. This observation suggests that monocots have lost the ability to graft. Monocots have scattered vascular bundles and do not have a vascular cambium, which may be a requirement for successful graft formation. During leaf formation in monocots, major veins do not connect to each other as they do in eudicots, but instead run parallel in leaf and stem segments. The veins join where the stem segments connect to each other in a region called the internode. In one experiment monocot grafting only succeeded when performed at these internode regions, but showed a success rate of only 3%. Thus, a different mechanism for vein connection in monocots may reduce the ability to graft.
The majority of plants will graft to themselves, fewer will graft to very closely related species, and only rarely will plants successfully graft to more distant relatives. Some exceptional plants include certain pear varieties that can be grafted to apples, and grafting among the nightshade family (Solanaceae). Potatoes, tomatoes, eggplant, and tobacco can be grafted to each other with a high degree of success. For instance, the commercial grower Thomson & Morgan has introduced a tomato scion grafted to a potato rootstock for home growers called the Tomtato ® that produces both tomatoes and potatoes. This exception among the Solanaceae suggests that these plants have overcome an inter-species barrier that most plants possess.
One hypothesis is that there are substances that promote graft formation, such as auxin, and barriers that prevent graft formation, such as incompatible cell-cell recognition or the production of chemicals that are harmless in one plant, but in another species are toxic. For example, most pear cultivars cannot be grafted to quince (Cydonia oblonga), a relative that is used as a dwarfi ng rootstock. It is thought that a secondary metabolite produced by the quince moves short distances into the pear tissue, where enzymes convert it to cyanide that kills the surrounding tissue causing failure of pear-quince grafts. To overcome this problem, growers have a pear variety where this phenomenon does not occur, and use a short segment of tissue from this variety between the desirable pear variety and the quince rootstock. This three-segment graft is called an interstock graft, and is commonly used in pear orchards. Thus, enhancing graft-promoting factors while minimising the effect or presence of graft-inhibiting toxins is a key to successful grafting. Incompatible grafts will often fail immediately from weak tissue attachment and no vascular formation, but in some instances the graft will take, and only after several years does the graft lose mechanical strength and break apart. Notably, younger tissue grafts better than older tissue, perhaps due to the better capacity to divide and differentiate, and lower levels of toxins and secondary metabolites. Traditional plant breeding can overcome some of these problems, and in the future, transgenic approaches may also prove benefi cial to improving graft success.
Parasitic plants are exceptional as they can 'graft' to a wide variety of unrelated species. They represent approximately 1% of the species of fl owering plants and include the plant with the world's largest fl ower (Raffl esia). Certain parasitic plants such as Striga have a large host range and can infect both monocots and eudicots. Parasitic plants attach to a host plant, and act as a sink to take up nutrients, minerals and water using specialised feeding structures called haustoria. Parasitic plants connect their xylem to the host's xylem through xylem bridges, a series of differentiated cells within the haustoria. These xylem bridges are similar to the xylem that forms across a graft junction, and may be formed by the same hormone transport processes that occur between shoot and root. Parasitic plant infections differ from graft formation as parasitic plants do not have direct phloem connections with the host. Instead, some species will connect to the host phloem through plasmodesmata, whereas others do not form plasmodesmatal connections. Another important difference is that parasitic plants do not generally infect their own species, whereas most plants will readily graft to themselves. It is likely that hormones and pathways involved in vascular development are involved in parasitic plant interactions and graft formation, but clearly, fundamental differences exist. Nonetheless, a better understanding of how plants graft will be informative about how parasitic plants infect and vice versa.
How grafting evolved remains an unresolved question. One possible explanation is that grafting is a modifi ed form of wound response. The majority of plants have an effi cient wound-repair mechanism that acts upon injury due to herbivory or to damage from the environment such as branches breaking from snow or wind. Callus forms, tissues adhere and in cases where the vasculature is severed, it can reconnect. Regenerating the vascular tissue is important to re-establish water, nutrient and signalling molecule transport, though it is unclear how common severing of the vascular tissues is during wounding. Another possible and related explanation is that graft formation could simply be a manifestation of a common mechanism to form vasculature in plants. During process of auxin fl ow may be suffi cient to generate veins across the cut tissues.
Uses in agriculture and horticulture
There are several uses for grafting in agriculture, including plant propagation. Many cultivated trees, including apples, plums, oranges and pears, are not true-breeding. That is, their seeds will not produce similar fruit to the parent. Furthermore, cutting and placing branches in the soil to root will not propagate these trees. Early grafting was likely used to overcome these problems and facilitate the domestication of temperate fruit trees, as desirable apple and pear varieties will readily graft to rootstocks raised from seed. In addition to propagation, grafting can avoid a juvenile state, as an adult scion grafted onto a juvenile rootstock will maintain its adult state and ability to bear fruit.
Grafting is also used to modify plant growth or increase stress resistance (Figure 3) . One important example occurred in the wine industry. The insect pathogen phylloxera arrived from the United States to Europe in the 1850s. American grapes were resistant to phylloxera, but European grapes were not, and the pest destroyed vineyards and decimated the European wine industry. As phylloxera is a soil-dwelling insect that mainly attacks the roots, the solution was to graft a European grape scion onto an American grape rootstock. The European wine industry was saved, and today, the practise of grafting elite wine cultivar scions onto phylloxera-resistant rootstock remains the status quo. Grafting to impart stress resistance is also commonly used in tomato and melon plants, where grafting disease-resistant or salt-resistant rootstocks provides resistance to the scion. In oranges, grafting a cold-tolerant rootstock is often used to increase the hardiness of the plant. Ornamental plants such as roses, rhododendrons, Colorado blue spruces and Japanese maples are similarly grafted to improve disease resistance or for propagation.
Another important use of grafting is to reduce the size of fruit trees. Some fruit trees such as apples, pears and cherries can attain heights of over 20 metres, presenting challenges for harvesting and plant crowding. To avoid these problems, growers graft onto rootstocks that cause the scion to remain small. How the rootstock infl uences the size of the scion is not clear. The effect may involve reducing the size of the root system, changing the auxin and cytokinin production or response in the root, or the graft junction itself may restrict the fl ow of water, nutrients and minerals. With apples, grafting has become suffi ciently widespread that breeders developed a series of rootstocks for dwarfi ng. One such series is called the Malling series (after the East Malling Research Station in the United Kingdom) and it uses different M-numbered genotypes as rootstocks, depending on the fi nal size of the tree required. For instance, M27 gives a dwarf tree (~30% of the full size), whereas MM111 gives a larger tree (~85% of the full size).
Uses in science
Recently, plant grafting has proven a useful tool to study the long-distance movement of proteins, hormones and RNAs. A tissue defi cient in a molecule or response is grafted to a tissue with the molecule or response. After the tissues join, appearance of the response or molecule is assayed in the defi cient tissue (Figure 4) . One of the fi rst examples was the discovery of fl origen, the mobile substance that promotes fl owering. Experiments in the 1930s discovered that grafting a fl owering plant to a non-fl owering plant could promote fl owering. The identity of this fl ower-promoting substance remained a mystery until 2007, when it was confi rmed that at least part of the signal is the mobile protein FLOWERING LOCUS T (FT) that is produced in the leaves and moves to the growing points of the plant. Further grafting experiments using pea plants in the 1980s and 1990s discovered that a factor controlling branching was graft transmissible. Mutants were isolated that affected branching, and based on grafting assays, could be categorised as either lacking the long distance signal or lacking the response to such a signal. Subsequent experiments revealed this hormone to be strigolactone, produced in the roots and active in shoots to inhibit branch formation.
Another example where grafting has been informative was the discovery of the molecule involved in mobile RNA silencing. RNA silencing, a gene-regulatory phenomenon, was previously known to spread from the site of initiation to the rest of the plant. Grafting between plants that lack small RNAs, the molecule that directs RNA silencing, and plants that produced small RNAs revealed that these molecules moved in large quantities and could epigenetically modify DNA in the recipient tissue. This discovery has implications for gene regulation and virus resistance, for which small RNAs are important regulators. Recent studies show that grafting a transgenic plant producing small RNAs targeting a virus to a non-transgenic scion can confer virus resistance. In the future, this phenomenon could be used to improve disease resistance and modify scion properties. Finally, recent studies have observed chloroplast and nuclear genomes moving short distances across the graft junction between scion and rootstock. How this movement occurs is unknown, but it can produce cells that have the nuclear genome from one plant and the chloroplast genome from another. It can also produce cells with nuclear genomes from both graft partners. The biological relevance for this movement is not clear, but the technique presents a way to generate plants that could be of agricultural or scientifi c interest.
Concluding remarks
The ability of plant tissues to adhere and reconnect their vasculature after severing of the vascular strands is remarkable. We are only starting to understand how plants accomplish this. The explanation will involve aspects of hormone biology, cell wall formation, and control of cell division and cell differentiation. Understanding how plants graft will The existence of a hormone involved in shoot branching was discovered by grafting studies between scions and rootstocks in pea plants. This hormone, strigolactone (SL), is produced in the roots and moves to the shoots to inhibit branching. Similarly, the existence of a factor that promotes fl owering was identifi ed by grafting the upper part of non-fl owering shoots to the lower part of fl owering shoots. This factor, FLOWERING LOCUS T (FT), is produced in the leaves upon day length perception (photosynthetic source tissue), and moves to the growing points (photosynthetic sink tissue) to initiate fl owering or tuber formation. Thirdly, the gene regulatory mechanism known as RNA silencing was shown to be transmissible across a graft junction, indicating that it acted over long distances. Grafting between tissues defi cient in small RNAs (sink tissue), the molecule that directs RNA silencing, and tissues containing small RNAs (source tissue) revealed that these small RNAs move from shoot to root and from source to sink to direct gene expression changes and epigenetic modifi cations to the DNA.
shed light on these topics and may help us to understand how parasitic plants infect their hosts. Grafting has also been used to identify mobile signals and to discover phenomena that are under the control of these signals. As more plants are grafted and in new combinations, additional mobile molecules and developmental aspects regulated by long-distance factors are likely to be discovered.
Grafting has been an important tool for improving agriculture and horticulture, and will remain so. The ability to select for a rootstock with a wide range of resistance properties, coupled with the ease of largescale grafting, makes this technique an attractive strategy to increase yields and grow fruits or vegetables in environments where it was not previously possible. With the recent development of mobile RNA silencing and its potential to regulate growth or stress resistance, it is likely that the fi eld of graft biology will continue to grow.
